Influence of molybdenum doping on the switching characteristic in silicon oxide-based resistive switching memory Due to device size scaling requirements, conventional charge storage based memory structures, such as nanocrystal and SONOS, have encountered data storage problems. [1] [2] [3] In recent years, resistive random access memory (ReRAM) has attracted considerable attention as a solution due to its superior advantages. 4, 5 Resistive switching (RS) characteristics have been discovered in various materials. [6] [7] [8] [9] [10] Due to their well-developed production processes, well-known material characteristics and wide applications in Si-based thin film, SiO 2 , or Si-based materials are considered to have the most potential as candidates for ReRAM. However, the RS behavior rarely occurs in SiO 2 unless metal doping or solid electrolyte electrodes are employed. 11, 12 In this paper, this resistive switching issue is investigated in a device utilizing molybdenum-doped SiO 2 film. In addition, molybdenum oxide may transform to molybdenum nanocrystals due to the thermal effect which has been induced by the forming process. 13, 14 This nanocrystal formation and consequent generation of additional oxygen ions per molybdenum atom have been shown to improve the RS performance. 8 In this work, standard lithography and reactive ion etching were used to pattern the contact-holes of the cells on the TiN bottom electrode. A 20 nm-thick Mo-doped SiO 2 film (sample A) was deposited by sputtering a MoSi 2 target in O 2 ambient at room temperature. A 200 nm-thick Pt top electrode was subsequently stacked. Finally, the devices were completed after a lift-off process. The diagram of the structure is shown in Fig. 1(a) . An additional 20 nm-thick MoO x film as well as 23 nm-and 12 nm-thick SiO 2 (sample B) films were fabricated with the same structure.
The RS characteristics were measured by biasing from TiN and grounding at Pt by using an Agilent B1500 semiconductor parameter analyzer. During the forming process, the leakage current of the film increased dramatically and achieved low resistance state (LRS) due to the formation of the conductive filament (CF). When negative voltage was applied, the high resistance state (HRS) was obtained by a gradual increase of resistance during the reset process. Subsequently, LRS can be switched back through the set process by applying positive voltage. The morphology and the components of the films were analyzed by transmission electron microscope (TEM) and X-ray photoelectron spectroscopy (XPS), respectively.
After the forming process by applying positive bias, the RS phenomenon is activated, as shown in the left inset of Fig. 1(b) . A stable and repeatable RS behavior is presented in sample A, as shown in Fig. 1(b) . The switching mechanism is dominated by the oxygen vacancy generation/recombination as is demonstrated by the relationship between CF resistance and temperature for LRS, shown in the right inset of Fig. 1(a) . 15, 16 Through the material analyses of the X-ray photoelectron spectrum, the components of the film can be further confirmed by the Lorenzian-Gaussian fitting. In the photoelectron spectrum of Si 2p3/2, only one peak, that attributed to the SiO 2 (103 eV), is discovered, as shown in Fig. 1(c) . 17 In the photoelectron spectrum of O 1 s, the spectrum can be separated into two peaks, located at 530.6 eV and 532.4 eV, shown in Fig. 1(d) . According to previous research, these two peaks can be assigned as the bonds of MoO 3 and SiO 2 . 17, 18 In order to investigate the RS phenomenon in the Mo-doped SiO 2 film, the same structure with 20 nm-thick MoO x and SiO 2 films was similarly analyzed. The RS characteristic of MoO x is shown in Fig. 2(a) . Obviously, the switching behavior is very unstable and fails to switch after several tens of cycles, as shown in the left inset of Fig. 2(a) . a) tcchang@mail.phys.nsysu.edu.tw.
In addition, the switching mechanism of MoO x is due to the rupture and formation of the metallic filament, as indicated by the proportional relationship between the resistance and the temperature at LRS, shown in the right inset of Fig.  2(a) . [19] [20] [21] However, the structure with 20 nm-thick SiO 2 fails to be activated during the forming process. The breakdown behavior does not occur even though voltage is applied up to 20 V, as shown in Fig. 2(b) . As a result, TEM analysis is employed to determine the difference in the forming process between the Mo-doped SiO 2 and pure SiO 2 films. The TEM image of sample A shown in Fig. 2(c) clearly shows a dark region, indicating that a self-assembled layer exists in the film. The self-assembled layer can be confirmed as MoO 3 according to the result of XPS analyses. The thickness of the film required to undergo breakdown might then be reduced due to the existence of the nearly 5 nm-thick self-assembled MoO 3 layer.
In order to clarify this supposition, a 12-nm-thick SiO 2 film is used to cancel out the influence of the self-assembled MoO 3 layer (5 nm). After the reduction in the thickness of the SiO 2 film (sample B), a stable RS characteristic is obtained when the device undergoes the forming process, as shown in Fig. 3(a) . The right inset of Fig. 3(a) shows the inversely proportional relationship between the resistance in LRS and ambient temperature, which exhibits the same trend as in sample A. In addition, the RS characteristics of sample A and sample B are compared in Fig. 3(b) , which shows that the switching behavior of the device with Mo-doped SiO 2 film is nearly the same as that of SiO 2 , including the switching voltage and ON/OFF ratio. Therefore, this indicates that switching characteristic of sample A is dominated by SiO 2 .
However, in addition to affecting the forming process by reducing the thickness required for breakdown, the doped molybdenum also influences RS behavior. The current statistics in Fig. 4(a) for HRS and LRS extracted at 0.2 V for the two samples show that a lower HRS current occurs in sample A. Since the HRS current is an indicator of the degree of repair for the switching regime of the CF, called switching layer (SL), 22 a lower HRS current shows that higher performance of the repaired SL is obtained, which might be caused by the existence of more oxygen ions to repair the SL during the reset process. 23, 24 Next, conduction mechanism analyses are employed and indicate that the conduction mechanism is Schottky emission from À0.48 V to À1 V in HRS for sample A, as shown by the linear fitting between current and root of voltage (I-V 1/2 ). However, Poole-Frenkel emission instead dominates the conduction mechanism along a similar range (À0.2 V to À0.9 V) for sample B, as shown in Fig. 4(b) . It is notable that the conduction mechanisms of Fowler-Nordheim tunneling and trap assisted tunneling (TAT) are not supported by fitting analyses, only PooleFrenkel emission (not shown). These results indicate that the distances of the trap states in the SL, which are attributed to the unrepaired oxygen vacancies, might be too far for charges to transport by tunneling. Therefore, charges transport by electric field assisted thermal emission. Furthermore, the conduction mechanism transfer from Poole-Frenkel (sample B) to Schottky emission (sample A) is caused by the improved SL repair during the reset process. MoO 3 , as indicated by the XPS analysis, can provide three more oxygen ions by breaking all of the bonds of Mo-O during the forming process, with a schematic of the processes shown in Fig. 4(c) . As a result, the additional oxygen ions in sample A improve the repaired performance for the SL during the reset process. The higher quality interfacial SL leads to a lower HRS current and the conduction mechanism being dominated by Schottky emission.
In summary, although switching behavior can be obtained in the Mo-doped SiO 2 film, the RS characteristic is not dominated by the MoO x . Because the 20 nm-thick SiO 2 film failed in the forming process, a TEM image of the Mo-doped SiO 2 film was examined and showed that the self-assembled molybdenum oxide layer reduces the thickness of the film required to be broken down. A thinner SiO 2 film exhibited a stable RS characteristic nearly the same as that of the Mo-doped SiO 2 film. Therefore, the switching behavior of the Mo-doped SiO 2 film is in fact dominated by SiO 2 . The change in conduction mechanism in HRS between the two devices is due to the additional oxygen ions provided by MoO 3 .
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